Aspergillus fumigatus is an opportunistic pathogenic fungus that predominantly infects the respiratory system. Penetration of the lung alveolar epithelium is a key step in the infectious process. The cytoskeleton of alveolar epithelial cells forms the cellular basis for the formation of a physical barrier between the cells and their surroundings. This study focused on the distinct effects of A. fumigatus on the actin cytoskeleton of A549 lung pneumocytes. Of the 3 major classes of cytoskeletal fibers-actin microfilaments, microtubules, and intermediate filaments-only the actin cytoskeleton was found to undergo major structural changes in response to infection, including loss of actin stress fibers, formation of actin aggregates, disruption of focal adhesion sites, and cell blebbing. These changes could be specifically blocked in wild-type strains of A. fumigatus by the addition of antipain, a serine and cysteine protease inhibitor, and were not induced by an alkaline serine protease-deficient strain of A. fumigatus. Antipain also reduced, by ∼50%, fungal-induced A549 cell detachment from the plates and reduction in viability. Our findings suggest that A. fumigatus breaches the alveolar epithelial cell barrier by secreting proteases that act together to disorganize the actin cytoskeleton and destroy cell attachment to the substrate by disrupting focal adhesions.
also enhance initial colonization of the host's lung tissue. These agents include enzymes, such as proteases, and toxins. A. fumigatus secretes a variety of proteases, 3 of which have been described elsewhere: an alkaline serine protease (ALP) [4] [5] [6] , a metalloprotease (Mep) [7] , and an aspartic protease (Pep) [8] . Nevertheless, A. fumigatus mutant strains lacking у1 of these genes retain their virulence [9] . Although the role of secreted proteases in A. fumigatus infection remains unclear, it is thought that they play a role in degrading and breaching the extracellular matrix barrier in the host [9] .
Lung epithelium cells constitute the main physical barrier to A. fumigatus infection. In vitro studies using the A549 human lung carcinoma cell line as a model have demonstrated that conidia of A. fumigatus bind to the cell surface and penetrate the cell with 30% efficiency, although most of the endocytosed conidia do not germinate [10] . The presence of conidia causes injury, seen as rounding and detachment from surfaces, to A549 cells. However, the morphological integrity of the invaded pneumocytes is preserved, even after invasion by growing hyphae [11] . Early during infection, 10%-20% of the infected A549 cells undergo apoptosis, but the majority of the cells die later (24 h ) by necrosis [12] . Moreover, it has been demonstrated that the addition of fungal culture filtrate (CF) is sufficient to cause cell death. The components responsible for this effect have not yet been identified [13] .
An important step toward understanding the disease state in invasive aspergillosis is to fully elucidate the molecular mechanisms operating in lung alveolar cells during their initial colonization with A. fumigatus. The cytoskeleton constitutes the basis for the formation and maintenance of a functional physical barrier between the cell and its surroundings. To better understand the ability of A. fumigatus to breach the alveolar barrier before invading the lung tissue, we investigated the cytoskeletal alterations induced by infection in the alveolar A549 cell line, with a special emphasis on the actin cytoskeleton. We studied the morphological changes that occur in actin, tubulin, and intermediate filament cytoskeletal fibers in the presence of germinating conidia or CF. Focal contacts that mediate interaction of the actin cytoskeleton with the extracellular matrix [14] were also investigated during infection. The role of secreted A. fumigatus proteases was examined by use of protease inhibitors and protease-deficient mutants.
Our findings indicate that A. fumigatus secretes proteases that perturb the organization of the actin cytoskeleton and focal contact sites of A549 lung pneumocytes. We demonstrate that addition of antipain, a serine and cysteine protease inhibitor, blocks these effects, suggesting that combining protease inhibitors with current antifungal treatments may reduce damage to endothelial cells at the site of infection and improve survival.
MATERIALS AND METHODS

Growth of conidia.
A. fumigatus strain AF293 was used throughout this study. AF293 was originally isolated at autopsy from a patient with invasive pulmonary aspergillosis (http:// www.aspergillus.man.ac.uk). The A. fumigatus (AF) ALP-deficient strain and its isogenic parental strain G10 have been described elsewhere [7] . Fungi were grown on YAG solid medium (0.5% wt/vol yeast extract, 1% dextrose, and 1.5% agar), for 3 days at 37ЊC, until conidia were mature.
Calcofluor staining of conidia. A. fumigatus conidia (10 9 conidia/mL) were incubated in a solution of 1 mg/mL calcofluor (Sigma) in a darkened orbital shaker, for 1 h at 37ЊC at 150 rpm. Conidia were washed twice with PBS, to remove free calcofluor, and were resuspended in PBS, to a concentration of 10 8 conidia/mL. Calcofluor staining did not affect viability or germination of conidia.
Preparation of fungal CF. Conidia were collected in a 0.01% (vol/vol) Tween 80 (Sigma) solution, washed twice in PBS, and resuspended in 100 mL of Dulbecco's modified Eagle medium (DMEM) containing 10% fetal calf serum (FCS; Biological Industries), at a concentration of conidia/mL. Fungal cul- 6 1 ϫ 10 tures were grown in an orbital incubator, for 48 h at 37ЊC at 200 rpm. These conditions have been shown elsewhere to produce a toxic CF [12] . Growth medium containing CF was decanted after centrifugation at 2300 g and filter sterilized.
A549 cell growth. Human cancer cell line A549 (ATCC CLL 185), derived from a human lung carcinoma [15] , was grown in DMEM containing 10% FCS and 1% penicillin-streptomycin (Biological Industries) in 10-cm tissue-culture plates (Corning). Cells were incubated at 37ЊC, in 6% CO 2 and in a humidified atmosphere, and were routinely subcultured by trypsinization every 3-4 days.
A549 cell transfection. A549 cells were grown in a 35-mm tissue-culture plate, seeded at ∼ cells/well in 2 mL of 5 1-3 ϫ 10 DMEM. The cells were grown at 37ЊC in a CO 2 incubator until 50%-80% confluent. Two solutions were prepared: solution A contained 95 mL of serum-free DMEM and 5 mg of plasmid pEGFP (green fluorescent protein)-actin (Clontech), and solution B contained 90 mL of serum-free DMEM and 10 mL of lipofectamine (Invitrogen). These 2 solutions were combined, mixed, and left for 20 min at room temperature. The mixture was then added to the cells that were diluted in 800 mL of serum-free DMEM. The cells were placed in a CO 2 incubator for 5 h. After incubation, the transfection mix was replaced with standard medium. The maximum level of expression of GFP (green fluorescent protein)-actin was observed within 48 h after transfection.
Vinculin and actin coimmunostaining. Cells were fixed for 30 min at room temperature in PBS containing 3% (vol/ vol) paraformaldehyde and were permeabilized with 0.5% (wt/ vol) Triton X-100 for 3 min. Subsequently, cells were incubated for 40 min at room temperature with a monoclonal antibody to vinculin, at a dilution of 1:100 (Sigma). Cells were then washed 3 times with PBS, after which rhodamine-phalloidin (for actin-staining) diluted 1:75 and Alexa 488 goat anti-mouse antibody (Molecular Probes) diluted 1:200 (for staining of the anti-vinculin antibodies) were added for 40 min at room temperature. Cells were then washed 3 times in PBS and viewed by use of microscopy.
Microtubule and cytokeratin 18 immunostaining. Cells were fixed in cold methanol (Ϫ20ЊC) for 20 min at Ϫ20ЊC, washed in PBS for 15 min, incubated in 0.5% Triton X-100 for 3 min, and washed again 3 times in PBS. A monoclonal antibody to tubulin (Sigma) or cytokeratin 18 (Research Diagnostics) was added for 40 min and washed as described above. Alexa 558 goat anti-mouse antibody (Molecular Probes) diluted 1:200 was then added to the cells for 40 min at room temperature, and the cells were washed 3 times in PBS and viewed by use of microscopy. 
Confocal laser scanning microscope (CLSM) analyses.
Analyses were performed by use of a Zeiss CLSM 410 equipped with a 25-mW krypton-argon laser and a 10-mW helium-neon laser (488 nm and 543 nm). Images were printed by use of a Codonics NP1600 printer.
Protease inhibitor studies.
Protease inhibitors (all obtained from Sigma) were added to the CF at the following concentrations, as recommended by the manufacturer: the serine and cysteine protease inhibitor antipain (10 mg/mL; stock 0.5 mg/mL in H 2 O), the aspartic protease inhibitor pepstatin (1 mmol/L; stock 1 mmol/L in 10% [vol/vol] acetic acid), the metalloprotease inhibitor galardin (13 mmol/L; stock 1 mmol/ L in DMSO), the cysteine protease inhibitor E-64 (1 mmol/L; stock 0.1 mmol/L in H 2 O), and the serine protease inhibitor aprotinin (2 mg/mL; stock 10 mg/mL in H 2 O). General proteolytic activity was measured by use of the azocasein assay [15] . Azocasein (5 mg/mL; Sigma) was dissolved in 50 mmol/ L Tris-HCl (pH 7.5), 0.2 mol/L NaCl, 5 mmol/L CaCl 2 , 0.05% Triton X-100, and 0.01% (wt/vol) sodium azide. A 400-mL aliquot of this solution was mixed with 100 mL of CF in the presence or absence of specific protease inhibitors. After overnight incubation at 37ЊC, 150 mL of 20% (vol/vol) trichloroacetic acid was added. After 30 min at room temperature, the tubes were centrifuged at 16,000 g for 3 min, and the pellets were discarded. The supernatant was mixed with an equal volume of 1 mol/L NaOH, and absorption of the liberated dye was measured at 436 nm.
XTT (2,3-bis-[2-methoxy-4-nitro-5-sylfophenyl]-2H-tetrazolium-5-carboxanilide, disodium salt) cell viability assay. A549 cells were grown in 96-well cell-culture plates (Corning), to 80% confluency. CF was added to the cells in the presence or absence of protease inhibitors. After 24, 48, and 72 h of incubation, XTT reagent (Beit HaEmek) was added, and the colorimetric assay was performed as specified by the manufacturer. Absorbance (optical density at 490 nm) was read on an ELISA reader (Spectra MAX 340; Molecular Devices). Cell adherence assay. A549 cells at 80% confluence were incubated in 6-well plates (Nalge Nunc), in the presence of CF and protease inhibitors. After 24, 48, and 72 h of incubation, the wells were washed 3 times with PBS, to remove nonadherent cells. The remaining cells were detached by trypsinization and counted on a hemocytometer.
Statistical analysis. The XTT viability and adherence experiments shown in figure 7 were independently performed 3 times. A representative experiment is displayed. Error bars denote SDs. P values were calculated by use of Student's t test. Differences were considered to be statistically significant if . P ! .05
RESULTS
Perturbation of the actin cytoskeleton in A549 cells exposed to A. fumigatus conidia or fungal CF. Actin fiber, microtubule, and intermediate-filament fibers of infected A549 cells were stained with phalloidin-fluorescein isothiocyanate (FITC) (figure 1, top), antitubulin (figure 1, middle), and anti-cytokeratin 18 antibodies ( figure 1, bottom) , respectively. We observed the cells at various time points between 0.5 and 10 h of incubation in the presence of conidia or CF. Actin stress fibers were rapidly disrupted in infected cells, whereas, at all time points, the cells preserved their microtubule and intermediate filament structures without any noticeable changes. Of interest, both tubulin and cytokeratin filaments were excluded from the vicinity of the endocytosed conidia ( figure 1B, bottom, arrow) .
Disruption of actin fibers, membrane blebbing, and formation of actin aggregates in infected A549 cells. We performed time-course analysis of the actin cytoskeleton in A549 cells exposed to A. fumigatus conidia (figure 2, right) or CF (figure 2, left). In both cases, the changes in the actin cytoskeleton were remarkably similar. Untreated A549 cells in culture exhibit pronounced actin stress fibers and a concentrated actin "mesh" near the plasma membrane ( figure 2, top) . Thirty minutes after the addition of conidia, the number of cytoplasmic actin stress fibers decreased markedly, and membrane blebbing began. After 2 h, stress fibers were completely disrupted, whereas the peripheral actin mesh remained intact (figure 2, panels marked "2 h"). Approximately 30% of the cells had undergone membrane blebbing at this stage (figure 2, arrows in panels marked "2 h"). After 8 h, irregularly polymerized actin aggregates appeared in the cytoplasm (figure 2, panels marked "8 h"). These structures persisted throughout the 24-h experiment.
After 24 h of infection, most of the actin cytoskeleton was depolymerized, as seen by the lack of actin stress fibers and the starlike shape of the infected cells (figure 2, panels marked "24 h"). The peripheral actin mesh, which had preserved its shape during the previous stages, was also disrupted at this stage.
Induction of membrane blebbing. Infected A549 cells underwent pronounced membrane blebbing between 30 min and 2 h after the addition of A. fumigatus conidia or CF. A549 cells were stained with rhodamine-phalloidin at various time points after infection, and the number of cells undergoing membrane blebbing was counted. Between 30 min and 2 h after infection, the percentage of cells undergoing membrane blebbing was maximal (25%-29%) ( figure 3, top) . Membrane blebbing was decreased to 10% at 8 h. Infection with either conidia or CF demonstrated comparable kinetics. To analyze membrane blebbing in living A549 cells, we transfected them with GFP-actin and monitored the cells during infection with conidia. Approximately 30% of the cells underwent membrane blebbing. A representative set of images of a single living cell, taken 1 h after infection, demonstrates the occurrence of blebbing ( figure 3, bottom) .
Endocytosing of viable and heat-killed conidia into A549 cells and surrounding of conidia by an actin-rich ring structure. Confocal Z-sections (cross sections) of infected A549 cells produced with a CLSM demonstrated that, after 30 min of incubation, a proportion of the added conidia had attached to the cell surface (figure 4A). After 4 h, some of the attached conidia had undergone endocytosis (figure 4B). After 8 h of incubation, the internalized conidia were surrounded by pronounced actin-rich structures (called the "actin ring") ( figure  4C ). Heat-killed conidia were endocytosed to the same extent as live conidia, including the formation of an actin ring around each spore ( figure 4D ). In contrast to the results obtained with live conidia, no other actin rearrangements were observed, and actin stress fibers were preserved in the infected cells.
Disruption of focal contacts during infection.
To visualize focal contacts in the infected cells, we labeled vinculin, a key component of these structures. Coimmunofluorescent staining of untreated A549 cells with anti-vinculin antibodies and phalloidin-FITC (actin-staining) showed numerous focal contacts on the edge of the cell, located at the ends of actin stress fibers ( figure 5A, arrow) . After 2 h of incubation with conidia, vinculin staining of focal contacts diminished markedly, indicating destruction of focal contacts in most cells (figure 5B and 5F). Destruction of focal contacts took place at the same time as disruption of actin stress fibers. Incubation of A549 cells with CF had the same effect on localization of inculin as did incubation with conidia, suggesting that factors secreted by the fungus are responsible for these changes ( figure 5C ).
Involvement of secreted fungal serine and cysteine proteases in disrupting the actin cytoskeleton of infected A549 cells. We hypothesized that the disruption of the actin cytoskeleton in infected A549 cells is a result of secreted fungal proteases. To test this hypothesis, A549 cells were incubated in the presence of CF and several different classes of protease inhibitors, including antipain, aprotinin, pepstatin, galardin, and E-64. Only antipain markedly reduced actin cytoskeleton disruption and focal adhesion site detachment in infected cells ( figure 5D ). To further support these findings, we took advantage of an A. fumigatus mutant strain in which the major secreted serine protease, AF-ALP, has been deleted. CF derived from this strain was substantially reduced in its ability to disrupt the actin cytoskeleton of infected cells (figure 5E). We directly measured total protease activity in the different CFs by using azocasein as a protease-specific substrate. Antipain reduced wild-type (strain AF293) CF protease activity by ∼67%. The protease activity of the AF-ALP-deficient strain was reduced by 70%, compared with its isogenic control, strain G10 ( figure 6) .
Delay of A549 cell death and detachment from the matrix caused by inhibition of CF protease activity. On the basis of the ability of antipain to block damage to the actin cytoskeleton of infected A549 cells, we reasoned that it might also delay later events, such as detachment and death of cells. Therefore, we incubated A549 cells in the presence of CF, with or without antipain, and CF derived from the AF-ALP-deficient strain. Cell viability was measured by use of an XTT colorimetric assay, and adhesion was measured by counting adherent cells after repeated washes. Our results indicate that, when A549 cells are incubated with either wild-type A. fumigatus CF in the presence of antipain or CF prepared from the AF-ALP-deficient strain, the loss in A549 cell viability and adherence is significantly reduced, by ∼50% after 24 h of incubation ( figure 7 ). This protective effect decreased at later time points, suggesting that, in addition to proteases, other fungal-secreted factors are involved in these processes.
DISCUSSION
Fungal infections are responsible for significant morbidity and mortality in both animals and humans. Over the course of the last 2 decades, there has been a substantial increase in the incidence of human fungal infections among immunocompromised individuals. A. fumigatus is a saprophytic fungus responsible for the most common mold infection worldwide. Inhalation of infectious conidia and their deposition in the alveoli can lead to germination and growth of the fungus in the lung and, in severely immunocompromised individuals, can develop into a potentially deadly infection known as invasive aspergillosis. Even with early diagnosis and aggressive antifungal treatment, mortality is 160%.
In the present study, we focused on the cytopathological effects of A. fumigatus on cultured alveolar type II-like cells during the early stages of infection (up to 24 h). We used A549 lung pneumocytes as an experimental model. This cell line displays the same metabolic and morphological characteristics as type II alveolar epithelial cells [16] and has been used extensively as a model system for studying Aspergillus infection [10] [11] [12] [13] . During observation of the samples, we concentrated on the following events: general alterations in shape; changes in distribution of cellular actin, focal contact, microtubule, and intermediate filament; and characteristic features of contact sites between conidia and cells.
We have shown that, during the first 2 h of infection, ∼30% of the infected A549 cells undergo membrane blebbing. Membrane blebbing has been shown to take place in response to stress factors (e.g., oxidative stress and cold shock) and during the early stages of the apoptotic response. Blebbing also occurs in DLPK (squamous lung carcinoma) cells exposed to A. fumigatus CFs, but this did not lead to the formation of apoptotic bodies, and the cells died after loss of membrane integrity, indicating necrosis [12] .
Strikingly, we have demonstrated that, of the 3 major classes of cytoskeletal fibers-actin microfilaments, microtubules, and intermediate filaments-only the actin cytoskeleton undergoes major structural changes in response to infection. Actin stress fibers disappear and are replaced by actin aggregates. Destruction of actin stress fibers has been demonstrated in cultured cell lines in response to infection with Candida albicans and Salmonella enterica [17] [18] [19] [20] and may be a general response to infection. Actin fiber clumping and formation of actin aggregates take place in cells after various physical and chemical insults (e.g., ischemia and energy depletion, UV irradiation, and treatment with calcium ionophores) [21] and are indicative of disorganization and fragmentation of actin fibers. Of importance, we have also observed similar disruptive effects on the actin cytoskeleton in A. fumigatus-infected NIH 3T3 fibroblasts, Hep2 epithelial cells, and human foreskin fibroblasts by using conidia from A. fumigatus, Aspergillus niger, Aspergillus terreus, and Aspergillus flavus (authors' unpublished data). These results suggest that a common underlying mechanism is involved in these changes and that the fungus may activate these changes wherever it causes infection, irrespective of cell and tissue type.
Loss of focal contacts was also noted in infected A549 cells.
Because focal contacts anchor the cell to the substrate, this process may enable growing hyphae to penetrate between and beneath attached cells and may play a role during invasion of tissues.
Previous works have noted that the internalization of conidia depends on the ability of the infected cells to polymerize actin [10] . In the present report, we have demonstrated that both live and heat-killed conidia are endocytosed in actin-coated vesicles and surrounded by an actin ring. This result suggests that the cellular actin cytoskeleton interacts with preexisting, heat-stable, cell-wall conidial components. Of note, heat-killed conidia do not induce actin-cytoskeleton rearrangements, indicating that these changes necessitate active metabolism and functional biosynthetic pathways.
The dramatic effects on membrane blebbing and disruption of actin fibers and focal contact are probably induced by factors secreted by the fungus, because they all occur when CF alone is added to the cells. Several lines of evidence suggest that secreted fungal proteases are responsible for the loss of actin fibers and focal contacts in infected A549 cells: we have demonstrated that antipain blocks this process and that CF from an AF-ALP-deficient strain fails to induce damage to the actin cytoskeleton after 8 h, despite the fact that they retained ∼30% of azocasein protease activity. A single serine protease, AF-ALP, has been cloned and characterized in A. fumigatus, although a search that we conducted in the A. fumigatus genome TIGR database (available at: http://www.tigr.org/tdb/) revealed at least 2 additional sequences predicted to encode serine proteases. At present, no cysteine proteases have been identified in A. fumigatus, although the A. fumigatus TIGR genome database contains a single cysteine protease with homology to Aspergillus nidulans PalB, a calpain-like, calcium-activated cysteine protease. It is worth noting that antipain was most effective at blocking the effects measured on the infected cells, whereas selective serine (aprotinin) and cysteine (E-64) inhibitors were only partially effective. In contrast, the damaging activity of CF derived from the ALP-deficient strain, which presumably still contains cysteine protease activity, was similar to that of the antipain-treated wild-type CF. This apparent discrepancy may simply reflect the variable and imprecise selectivity of the different protease inhibitors, or it may suggest that, in the ALPdeficient strain, loss of serine protease activity also leads to a reduction in cysteine protease activity. Alternatively, the antipain-treated and ALP-deficient strains may compensate by upregulating metalloproteases; this compensatory protease secretion was observed in a serine protease-deficient mutant of A. flavus [22] .
The contribution of proteases secreted by A. fumigatus to its pathogenicity remains unclear. Kauffman et al. [23] have shown that A. fumigatus CFs induce cytokine release, cell shrinkage, and desquamation in A549 cells and that this release is blocked by the addition of serine and cysteine protease inhibitors. Ikegami et al. [24] have demonstrated that CF derived from an AF-ALP-deficient-strain is deficient in its ability to inhibit polymorphonuclear leukocyte chemotaxis. In the present report, we have demonstrated a link between protease activity and damage to the actin cytoskeleton, focal adhesion, cell adhesion, and viability. There are several mechanisms that may explain how proteases mediate these effects. The first possible mechanism is external action through specific cellular signal-transduction pathways (e.g., the integrin receptor/focal contact-signaling pathways), perhaps by proteolytic cleavage of the receptor, or through activation of the receptor by cleaved components of the extracellular matrix. Of interest, Karragher et al. [25] have shown that protease-degraded collagen fragments promote rapid disassembly of smooth-muscle focal adhesions that correlate with cleavage of pp125 FAK paxillin and tallin. The second possible mechanism is internal action that follows endocytosis of fungal-secreted proteases. Indeed, it has been demonstrated that caspase 3-induced proteolytic cleavage of focal adhesion kinase (pp125 FAK ), an important component of the focal adhesion complex, results in disassembly of focal contacts, cell rounding, and apoptosis [26] .
Future research should focus on isolating and identifying the cellular components that interact with the fungal-secreted proteases and on delineating the cellular signaling pathways through which they act. In addition, the results of our present study suggest that combining protease inhibitors with current antifungal treatments may reduce damage to endothelial cells at the site of infection.
